Background: During mitosis, the microtubule (MT) cytoskeleton rearranges into a bipolar spindle that drives chromosome segregation. Two kinesin subtypes, kinesin-5 and kinesin-12, help build this bipolar array by separating the spindle poles. However, unlike kinesin-5, the kinesin-12 mechanism is not well understood. Results: At physiologically normal protein levels, we demonstrate that the human kinesin-12 Kif15 acts predominantly on kinetochore fibers to regulate their lengths. This activity limits the extent to which spindle poles separate, leading to transient spindle length instabilities when the motor is absent. Using a novel cell line wherein Kif15 usurps kinesin-5 function, we further show that Kif15 can assume a commanding role in spindle pole separation as a consequence of its mislocalization to nonkinetochore MTs. This Kif15-dependent mechanism is inefficient, however, as spindles assemble through a perilous monopolar intermediate. Conclusions: By examining Kif15 activity in two cellular contexts, we found that Kif15 bound to kinetochore fibers antagonizes centrosome separation while Kif15 bound to nonkinetochore MTs mediates centrosome separation. Our work demonstrates that Kif15 acts on parallel MT arrays and clarifies its role under both normal and pathological conditions.
Introduction
At the onset of mitosis, the cell orchestrates a rearrangement of the microtubule (MT) cytoskeleton into a dynamic bipolar array termed the mitotic spindle [1] . Key to spindle assembly are cell-cycle-dependent changes in MT dynamics [2, 3] and motor proteins that recognize MT polarity [4] . Both produce molecular forces that separate the duplicated centrosomes to opposite poles of the cell. As centrosomes serve as the dominant spindle poles, their separation establishes the bipolar geometry of the nascent spindle.
In mammalian cells, the predominant centrosome separation forces are generated by the kinesin-5 Eg5 [5] , a motor that slides antiparallel MTs apart [6] . However, several lines of evidence support the existence of Eg5-independent centrosome separation mechanisms. For example, reduced dynein activity negates the requirement for Eg5 during spindle assembly [7, 8] , a finding that underlies the popular force-balance model of spindle length regulation [9] . Perhaps more compellingly, kinesin-5s are nonessential in Dictyostelium [10] and C. elegans [11] . In the latter, the kinesin-12 KLP-18 assumes a dominant role in spindle assembly [12, 13] . Similarly, overexpression of the human kinesin-12 Kif15 rescues spindle assembly upon Eg5 inhibition, even though Kif15 is normally not essential in mammalian cells [14, 15] . These data have led to the speculation that kinesin-12 functions redundantly to kinesin-5 [14, 15] . However, the mechanism by which kinesin-12 generates force and how its activity relates to kinesin-5 remain unknown.
Here, we show that Eg5 and Kif15 differ in localization and function during spindle assembly. Instead of sliding antiparallel MTs apart, human Kif15 partitions to kinetochore microtubules (K-MTs) and influences kinetochore-fiber (K-fiber) length. This activity modulates the extent to which K-fibers antagonize Eg5-generated centrosome separation forces, as evidenced by transient spindle length instabilities in Kif15-depleted cells. In contrast, under pathological conditions wherein Eg5 activity has been chronically inhibited, we demonstrate that Kif15 is capable of mediating centrosome separation. This gain-of-function effect arises from the mislocalization of Kif15 to parallel non-K-MTs. Although Kif15-dependent centrosome separation allows for cell survival, it is relatively inefficient as spindles transition through a monopolar intermediate. Our work provides the first insight into the mechanism by which Kif15 generates force and shows that Kif15 can mediate spindle assembly through a process that is mechanically distinct from that used by Eg5.
Results

Kif15 Localizes Specifically to K-MTs in HeLa Cells
To characterize Kif15 function during spindle assembly, we generated antibodies against its C terminus that recognize a single band of w160 kDa from total HeLa cell lysate ( Figure 1A ). We monitored Kif15 localization in HeLa cells at various stages of mitosis by immunostaining. Consistent with previous observations [15] , Kif15 localized to spindle MTs after a bipolar geometry was established ( Figure 1B ). Kif15 levels on spindle MTs increased as mitosis progressed, being present in low levels on prometaphase MT arrays and abundant on metaphase spindles. We normalized the fluorescence intensity of spindle-bound motor to that of tubulin to account for changes in MT density throughout spindle assembly and found Kif15 levels to be elevated 1.6-fold on metaphase spindles compared to prometaphase arrays (n R 30; Figure 1C ). In contrast to Kif15, Eg5 localized to centrosome-nucleated MTs preceding nuclear envelope breakdown (NEB; Figure 1B ). This agrees with its proposed role in separating centrosomes during early stages of spindle assembly [5] . Furthermore, spindle-bound Eg5 levels decreased by w10% on metaphase spindles compared to prometaphase arrays (n R 30, Figure 1C) . In addition to temporal differences, Kif15 and Eg5 localizations differed spatially. Kif15 distributed uniformly along spindle MTs during metaphase, whereas Eg5 enriched at the spindle poles ( Figure 1B ). These data suggest that the two motors may influence spindle assembly through distinct mechanisms.
It has been shown previously that Kif15 requires TPX2 [14, 15] , a MT-associated protein enriched on K-MTs [16] , to bind mitotic spindles. We therefore tested whether Kif15 enriches on K-MTs by examining its localization on spindles either lacking K-MTs or non-K-MTs. To prevent K-MT formation, we *Correspondence: ryoma.ohi@vanderbilt.edu (legend continued on next page) depleted the outer kinetochore protein Nuf2 by RNA interference (RNAi) [17] . While this perturbation did not disrupt Eg5 spindle binding, it abolished Kif15 spindle localization (Figure 1D) . Similarly, since inhibition of Polo-like kinase 1 (Plk1) disassembles K-MTs, we examined Kif15 localization in cells treated with the Plk inhibitor BI-2536 [18] . Monoasters generated by BI-2536 were devoid of Kif15 and positive for Eg5 as assessed by immunostaining ( Figure S1 available online). Kif15 therefore requires K-MTs to bind the spindle. We next selectively depolymerized non-K-MTs by incubating cells at 0 C for 10 min. Kif15 noticeably enriched on the residual K-MTs, while Eg5 levels remained unchanged ( Figure 1E ). A subpopulation of Kif15 also colocalized with the outer-kinetochore protein Hec1, accentuated by extraction of cells prior to fixation ( Figure S1 ). Collectively, these data demonstrate that Kif15 localizes to K-MTs, while Eg5 does not discriminate between spindle MT populations.
Eg5 and Kif15 Act on Distinct MT Populations
We next investigated whether Kif15 and Eg5 activities partition to separate spindle MT populations. We interfered with motor function in Nuf2-depleted cells, a perturbation that arrests cells in mitosis with bipolar spindles comprised solely of non-K-MTs ( Figure 2A ) [17] . Accordingly, Nuf2 depeletion gave a low monopolar index of 5.1% 6 1.0% (MI, number of preanaphase mitotic cells containing monopolar spindles divided by the total number of preanaphase mitotic cells multiplied by 100; mean 6 SD, n = 588; Figures 2B-2D ). Codepletion of Kif15 and Nuf2 resembled the Nuf2 single-depletion phenotype, suggesting that Kif15 does not function independently of K-MTs (MI = 4.1% 6 0.8%, n = 588; Figures 2B and 2D ). In contrast, pharmacological inhibition of Eg5 by 10 mM S-trityl-L-cysteine (STLC) [19] collapsed Nuf2-depleted spindles, indicating that Eg5 activity on non-K-MTs supports spindle bipolarity (MI = 93.8% 6 5.3%, n = 600; Figures 2C and 2D ). Eg5 inhibition alone did not collapse preformed bipolar spindles, revealing that mature K-fibers maintain spindle bipolarity independently of Eg5 (MI = 13.3% 6 8.9%, n = 600; Figures 2C and 2D) [14, 15] . While these data do not exclude a possible function of Eg5 on K-MTs, they demonstrate that the population bound to non-K-MTs is primarily responsible for maintaining spindle bipolarity. Additionally, these data support the notion that Kif15 acts predominantly on K-MTs.
Kif15 Protects K-Fibers from Shortening
Kif15 depletion decreases steady-state spindle length [15] . To test whether K-MTs mediate this effect, we measured spindle length in cells singly depleted or codepleted of Kif15 and Nuf2. While pole-to-pole distances normally span 13.7 6 1.2 mm, spindles in Kif15-depleted cells averaged 11.7 6 0.9 mm (mean 6 SD, n R 62; Figure 3A ). In contrast, Nuf2-depleted cells contained abnormally long spindles averaging 16.6 6 1.4 mm (n = 72; Figure 3A ). Similarly, cells codepleted of Nuf2 and Kif15 contained spindles averaging 16.9 6 1.7 mm (n = 77; Figure 3A ), demonstrating that Kif15 influences spindle length in a K-MT-dependent manner.
As K-MTs mediate spindle shortening in Kif15-depleted cells, we surmised that the motor influences K-fiber length. To help resolve K-fibers in HeLa cell spindles, we selectively depolymerized non-K-MTs by exposing cells to cold. We then measured pole-to-pole distances in metaphase cells and halved this value to approximate K-fiber lengths. Mockdepleted cells exposed to cold resulted in values averaging 4.0 6 0.8 mm in length (mean 6 SD, n = 76; Figures 3B and  3C ). Kif15-depleted cells exposed to cold resulted in significantly shorter measurements averaging 3.0 6 0.6 mm (n = 77; Figures 3B and 3C) . Thus, cold temperature reduced K-fiber length by an additional 24% in the absence of Kif15, suggesting that Kif15 protects K-fibers from depolymerization.
To further test whether Kif15 influences K-fiber length, we induced monopolar spindle formation with monastrol. In this configuration, the distance a kinetochore radiates from the monoaster center serves as a readout for K-fiber length. As K-fibers within a single cell are roughly the same length, kinetochore staining forms a rosette centered about the spindle pole. We measured the radius of kinetochore rosettes to approximate K-fiber lengths in monoasters under different conditions. In mock-depleted cells, kinetochore rosettes spanned a radius of 5.7 6 0.7 mm (mean 6 SD, n = 77; Figures 3D and 3E). As proof of principle, we exposed mock-depleted cells to cold and measured significantly shorter distances averaging 3.5 6 0.5 mm (n = 89; Figures 3D and 3E) . Similarly, Kif15 depletion reduced the rosettes to 4.3 6 0.6 mm in radius (n = 82; Figures 3D and 3E ). These perturbations were additive, as cold treatment of Kif15-depleted cells resulted in rosettes spanning 2.8 6 0.5 mm in radius (n = 86; Figures 3D and 3E ). Kinetochores positioned outside of the rosette in these double-perturbed cells were positive for residual Kif15 staining ( Figure 3D , enlargement). Collectively, these data indicate that Kif15 protects K-fibers from shortening without influencing the end-on attachments of individual K-MTs.
K-Fiber-Mediated Forces Oppose Eg5-Dependent Centrosome Separation
Our results thus far, which have pertained to the metaphase spindle, may suggest that K-fibers coordinate with Eg5 activity on non-K-MTs during spindle assembly. In order to gain insight into the relative magnitudes of these forces, we imaged spindle formation in live cells released from a monastrolinduced mitotic arrest. In control cells, spindles elongated at a constant rate (0.9 6 0.2 mm/min, mean 6 SD, n = 4; Figures 4A-4C and Movie S1) until they reached a characteristic length (11. Figure 3A) . We surmise that K-fibers mediate this contraction because cells codepleted of Nuf2 and Kif15 contained abnormally long spindles ( Figure 3A) . Additionally, spindles in Nuf2-depleted cells experienced an extended elongation phase but did not shorten ( Figures 4A-4C and Movie S3). 
Kif15 Mislocalization to Non-K-MTs Protects HeLa Cells from Pharmacological Disruption of Eg5 Activity
Our results thus far provide no evidence that Kif15 actually generates centrosome separation forces during spindle assembly, as has been proposed previously [14, 15] . Since Eg5 provides the dominant centrosome separation force in cultured animal cells [5] , its activity may mask any contribution of other factors. To study secondary centrosome separation forces, we generated an Eg5-independent cell line (OL-EIC1) through a strategy similar to that recently used by Raaijamkers et al. [20] . In brief, we cultured HeLa cells in saturating doses of STLC (10 mM) and selected clonally derived resistant cells. In contrast to the parental cell line, OL-EIC1 cells proliferated in the continuous presence of STLC ( Figure 5A ). We confirmed that OL-EIC1 cells are truly Eg5 independent in a number of ways. First, Eg5 levels on spindle MTs were reduced 3.7-fold (n R 39) despite normal expression levels in OL-EIC1 cells compared to the parental line ( Figures 5B, 5D , and 5F). OL-EIC1 cells also grew well in the presence of monastrol (data not shown), an Eg5 inhibitor structurally unrelated to STLC [21] . Finally, OL-EIC1 cells survived Eg5 depletion by RNAi while the parental line perished ( Figure S4 ). Removal of STLC caused Eg5 to rebind the spindle and OL-EIC1 cells to exhibit HeLa-like characteristics ( Figure S4 ).
Since Kif15 overexpression is known to bypass the requirement for Eg5 in human cells [14, 15] , we examined Kif15 protein levels in OL-EIC1 cells. Kif15 protein levels in whole-cell lysates and on metaphase spindles were elevated 3.6-fold and 2.4-fold (n R 38), respectively, in OL-EIC1 cells compared to the parental line ( Figures 5C, 5E , and 5F). Spindle assembly in OL-EIC1 cells required Kif15, as the monopolar index of preanaphase OL-EIC1 cells equaled 100.0% 6 0.0% 1 day after Kif15 small interfering RNA (siRNA) transfection (mean 6 SD, n = 1,800; Figures 5G and 5H) . Consequently, massive cell death accompanied a prolonged loss of Kif15 from OL-EIC1 cells ( Figure 5I ). In the parental line, Kif15 is required neither for spindle bipolarization nor viability ( Figures 5H and  5I) . Therefore, the inherent upregulation of Kif15 promoted survival of OL-EIC1 cells from Eg5 inhibition by rescuing spindle assembly.
Since Kif15 is normally K-MT specific (Figures 1 and 2) , we tested whether this emergent Kif15-dependent spindle assembly pathway requires K-MTs. In contrast to Kif15 depletion, loss of K-MTs by Nuf2 RNAi had no effect on spindle bipolarity in OL-EIC1 cells (MI = 79.6% 6 4.6% versus 82.1% 6 2.4% for mock-depleted cells, mean 6 SD, n R 1000; Figure 5H) , suggesting that Kif15 mislocalizes to and acts on non-K-MTs in OL-EIC1 cells. Indeed, in contrast to the parental line ( Figure 1D ), Nuf2 RNAi did not abrogate Kif15 targeting to spindles in OL-EIC1 cells ( Figure 5J ). Together, these data show that Kif15 activity on non-K-MTs generates centrosome separation forces.
Kif15-Dependent Spindle Assembly Occurs through a Monopolar Intermediate
We next analyzed the Kif15-dependent spindle assembly pathway in more detail. OL-EIC1 cells exhibited a high mitotic index (8.3% versus 3.6% in the parental line, n R 901), suggesting prolonged mitosis. We monitored mitotic progression by differential interference contrast (DIC) imaging of cells released from a G2 arrest. Furrow ingression was significantly delayed in OL-EIC1 cells compared to the parental line (median = 195 and 105 min, n = 33 and 24; Figures 6A and 6B , Movie S4, and Movie S5). Additionally, time to furrow ingression varied greatly in OL-EIC1 cells, ranging from 105 min to 540 min (n = 33, Figure 6B ). Many attempted divisions of OL-EIC1 cells were unsuccessful, as 53% of mitotic OL-EIC1 cells died by apoptosis (n = 70, Figure 6B ). Collectively, these data demonstrate that Kif15-dependent spindle assembly is relatively inefficient and stochastic.
It was evident by DIC imaging that metaphase plate formation is delayed in OL-EIC1 cells ( Figure 6A ). To test whether spindle bipolarization is delayed, we watched spindle assembly in live OL-EIC1 cells expressing mCherry-tubulin. In contrast to the parental line, centrosomes (bright tubulin foci) failed to separate during NEB in OL-EIC1 cells ( Figure 6C and Movie S6). This resulted in the formation of monopolar spindles, accounting for the high monopolarity index described earlier (MI = 82.1% 6 2.4%, mean 6 SD, n = 1,954; Figure 5H ). To substantiate our findings by fixed cell analysis, we measured the distance between tubulin foci in late G2 and observed that centrosomes remained juxtaposed prior to NEB in OL-EIC1 cells (98% < 3 mm, n = 50; Figures 6D  and S5) . Collectively, these data show that OL-EIC1 cells (legend continued on next page) assemble spindles via the prometaphase pathway [22] and underscore the importance of Eg5 in breaking aster symmetry prior to NEB in order to avoid spindle monopolarity. Upon watching spindle assembly in OL-EIC1 cells expressing mCherry-tubulin, we discovered that monoasters bipolarize via a two-step process. First, radial monoasters broke symmetry to produce fan-shaped monoasters. Fan-shaped monoasters subsequently bipolarized by ''reverse jackknifing,'' where one spindle half rotated by 180
, leading with its spindle pole ( Figure 6E and Movie S7). Symmetry breaking appeared to be rate limiting, as a vast majority of monoasters were radial versus fan shaped ( Figure 7F ). Live-cell imaging validated this notion, as fan-shaped monoasters were a short-lived intermediate during spindle assembly (E.S. and R.O., unpublished data).
To understand the forces mediating symmetry breaking, we compared radial and fan-shaped monoasters. We first determined the orientation of non-K-MTs in both arrays by tracking GFP-EB3 over time. We were primarily interested in the non-K-MT population, as K-MTs are dispensable for spindle assembly in OL-EIC1 cells ( Figure 5H ). All observed, GFP-EB3 comets radiated away from the pole in Nuf2-depleted mitotic OL-EIC1 cells, indicating that non-K-MTs in radial and fanshaped monoasters are oriented in parallel (Figures 7A and 7B, Movie S8, and Movie S9). But while GFP-EB3 comets appeared evenly dispersed in radial monoasters, they congregated in fan-shaped monoasters (Movie S8 and Movie S9). Fan-shaped monoasters contained stable bundles of MTs capable of withstanding cold temperature, while MTs comprising the radial monoasters were cold labile ( Figure 7C ). These stable bundles were comprised of non-K-MTs, as coldstable MTs were evident in Nuf2-depleted OL-EIC1 cells ( Figure 7D ). Non-K-MT bundling is an emergent property in OL-EIC1 cells, as they fail to survive cold in the parental line [17] . These data suggest that parallel non-K-MT bundling is key to spindle assembly in OL-EIC1 cells.
As spindle assembly in OL-EIC1 cells uniquely exhibits (1) a requirement of Kif15, (2) a population of Kif15 on non-K-MTs, and (3) non-K-MT bundling, we next investigated whether Kif15 is the molecular determinant of monoaster symmetrybreaking in these cells. Consistent with the notion that Kif15 converts radial monoasters into fan-shaped structures, Kif15 protein levels were elevated on fan-shaped versus radial monoasters ( Figure 7E ). More importantly, monoasters in OL-EIC1 cells were radially symmetric 1 day after Kif15 siRNA transfection (98.1% 6 0.2% versus 75.2% 6 0.8% for mockdepleted cells, mean 6 SD, n R 420; Figure 7F ). We therefore conclude that OL-EIC1 cells require Kif15 to break symmetry of radial monoasters, allowing for subsequent bipolarization. We speculate that Kif15 does so by bundling parallel non-KMTs, a function that diverges from its normal role in modulating K-fiber-generated forces.
Discussion
Kinesin-12s have been suggested to promote spindle formation in a manner redundant to kinesin-5s [14, 15] . We demonstrate here that the two motor subtypes exhibit functional differences. First, while Eg5 exerts force on antiparallel MTs, we show in two different contexts that Kif15 acts predominantly on parallel MTs. At physiological levels, Kif15 partitions to K-fibers, parallel bundles of K-MTs [23] . In OL-EIC1 cells, which contain elevated Kif15 protein levels, the motor binds fan-shaped monopolar structures composed of parallel MTs. Second, Eg5 and Kif15 differentially affect spindle assembly. We show that at physiological levels, Kif15 modulates K-fiber-generated forces that oppose Eg5-generated forces. This is in stark contrast to the previous conclusion that Eg5 and Kif15 generate cooperative forces [14, 15] . Our OL-EIC1 cells may clarify this discrepancy, as they undergo Kif15-dependent spindle assembly reminiscent of the Kif15-overexpression phenotype described previously [14, 15] . Kif15-generated centrosome separation forces are likely to result from overexpression and/or mis-targeting to non-K-MTs. Analysis of this Kif15-dependent spindle assembly pathway brought to light a third difference between Eg5 and Kif15. Whereas Eg5-dependent centrosome separation occurs primarily along the spindle axis at a uniform rate, Kif15-dependent centrosome separation occurs by reverse jackknifing. These distinct mechanical processes support the notion that Eg5 and Kif15 differ biochemically.
Our OL-EIC1 cells rely exclusively on the Kif15-dependent process that mediates spindle assembly for life, allowing us to investigate its mechanism of force generation. Similar to the kinesin-12 KLP18 in C. elegans [12, 13] , Kif15 mediates spindle assembly and parallel MT bundling of in OL-EIC1 cells. We envision two ways in which Kif15 may transduce force to centrosomes via parallel MT bundles. First, Kif15 might directly generate force by sliding parallel MTs against one another. This biochemical activity would resemble that of ciliary dynein [24] and kinesin-14s [25, 26] . In this model, we envision that Kif15 produces mechanical strain that is relieved through reverse jackknifing. Our live imaging suggests that reverse jackknifing is a complex three-dimensional process. The 180 rotation of one spindle pole does not follow a simple arc, but involves a twist of its associated half spindle that is suggestive of torsional stress. Second, Kif15 might indirectly generate force by coordinating the polymerization dynamics of neighboring MTs. In other words, by bundling MTs, Kif15 may amplify the piconewton-level forces generated by individual MTs [27] . Polymerization of K-MT plus ends has been proposed to generate centrosome separation forces [22] , but there is little direct evidence to support this possibility. In OL-EIC1 cells, Kif15 mediates centrosome separation via non-K-MTs, so it is difficult to envision how polymerization dynamics would transduce forces to centrosomes. Distinguishing between these mutually nonexclusive hypotheses will require biochemical analysis of the motor and be the subject of future work. In comparing C. elegans oocytes, HeLa cells, and OL-EIC1 cells, it is noteworthy that kinesin-12s only mediate centrosome separation when localized to non-K-MTs. We thus propose that kinesin-12s generate forces of opposite directionality depending on whether they bind K-MTs or non-K-MTs. This dualism would allow Kif15 to switch between pushing and pulling by simply targeting different MT populations. Mechanisms that regulate Kif15 localization are thus likely to be key in understanding spindle assembly and length homeostasis.
In cell culture, murine xenograft tumor models, and human cancer patients, kinesin-5 inhibitors (K5Is) arrest cells in mitosis with monopolar spindles. However, K5Is only cause efficient cell death in vitro [28] . Our OL-EIC1 cells may offer one explanation for the survival of cells in vivo despite a preponderance of monoasters. These cells assemble spindles through a prolonged monopolar intermediate, demonstrating that the detection of monoasters is not necessarily indicative of cell death. Additionally, our analysis of the OL-EIC1 cell line emphasizes the importance of Eg5 in avoiding spindle monopolarity. Spindles assembling though a monopolar intermediate increase the risk for chromosomal instability (CIN) due to frequent K-MT attachment errors while centrosomes are juxtaposed [29] . Since CIN accelerates the rate at which tumor cells acquire aggressive phenotypes, the emergence of K5I-resistant cells has the potential to dramatically confound disease management. As we show that Kif15 mediates spindle assembly in OL-EIC1 cells, we conclude that Kif15 is an important target for novel oncological therapies and that K5Is may not reach their maximum potential without coadministration of Kif15 inhibitors.
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